Abstract-This paper reviews the application of high-frequency microwave radiation to plasma heating near the electron cyclotron frequency in tokamaks and stellarators. Successful plasma heating by microwave power has been demonstrated in numerous experiments. Predicted future technological developments and current theoretical understanding suggest that a vigorous program in plasma heating will continue to yield promising results.
INTRODUCTION T HE MAJOR DISADVANTAGE of this technique has been
the lack of high-frequency sources. This disadvantage is gradually disappearing with the development of high-power gyrotrons. Another disadvantage is that the technique heats electrons only. HIowever, at high densities the coupling between ions and electrons will be good enough that they will reach the same temperature. In addition, there is a density limit and (provided that the temperature is limited) a concomitant beta limit. However, this limit is not serious for high-frequency sources at high magnetic fields. Another disadvantage for contemporary devices is that high-field launch is best; however, for very large future devices this high-field launch may not be preferred over low-field launch. Low-field launch represents a distinct engineering advantage.
One advantage of heating with high-frequency microwaves is that the process is localized, allowing energy to be deposited in narrow regions. Another is that the process is very efficient for carefully controlled launching, so that all the energy can be absorbed where it is needed. Furthermore, the antennas are generally small in comparison to the antennas in other frequency ranges, and there is no problem with coupling as very little power is reflected in contemporary experimental devices. In present-day devices and in devices now contemplated for the near future, no matching elements are generally needed.
Electron cyclotron resonance heating, here termed electron cyclotron heating or ECH for convenience, has been described in a large body of literature. Although the process has been known and used for many years in fundamental plasma physics studies, the first important use of ECH for plasma heating was in small mirror machines [1] . The process has become important with the development of high-power short-wavelength microwave sources. In particular, Manuscript the development of the gyrotron has given great impetus to this line of research. Although a number of groups were involved in the early development of the gyrotron [2] , the early exploitation of the gyrotron concept in the USSR [3] permitted Soviet physicists to quickly determine that ECH was an important heating technique in tokamaks. Since that time, the early lead that the Soviets achieved in gyrotron development has allowed them to maintain their superiority in this area. Only recently have developments in the West permitted gyrotrons to approach the frequency and power levels achieved in the USSR. There are actually several applications for ECH. The most commonly considered application is bulk heating. However, there is some evidence for current drive, and several experiments are now exploring that possibility. Another important area is profile modification and the associated magnetohydrodynamic (MHD) instability suppression. Preionization and start-up have been shown to be useful in tokamaks, and prospects for the use of ECH in these applications look encouraging. It appears that ECH can be profitably used as an adjunct to other heating techniques. It could be used for independent control of electron temperature Te or for current profile control with ion cyclotron heating or neutral beam injection.
ELEMENTARY THEORY
The Clemmow-Mullaly-Allis (CMA) diagram for cold electron plasma is shown in Fig. 1 To further clarify the points about fundamental heating, Fig. 2 illustrates the regions of propagation and evanescence for a typical tokamak with the resonance located at the center of the plasma chamber. Projected on the cross section are the cutoffs, resonances, and evanescent regions for a) a low-density, b) a moderate-density, and c) a high-density plasma for the extraordinary wave propagation. Note that the ECH and UH regions are always accessible from the high-field side, but in the highest density cases the plasma center is shielded by the left-hand cutoff WL The highest density case is typical of contemporary tokamak operation with high beta. Such densities are generally too high for efficient ECH because of the cutoffs, and densities more typical of Fig. 2(b) are generally used.
In contrast, if the ordinary wave, is used, there is no UH resonance and the only cutoff is at ,pe. This cutoff at the critical density n. is illustrated in Fig. 2 by a dotted line. The ordinary mode (0-mode) critical density is approximately the same as that of the extraordinary mode (X-mode). At normal incidence the cutoff for the X-mode is a factor of 2 higher than the 0-mode but the heating rate falls rapidly to zero above the 0-mode cutoff. In the cold plasma theory, collisional damping of this wave is possible; in the hot plasma theory, there is cyclotron damping, which is maximum for propagation normal to the confining magnetic field. Also, 100-pts pulses of 30 kW at 34 GHz were used for second harmonic ECH. At 9 GHz, the heating was thought to be due to wave conversion at the UH layer. The presence of a cyclotron resonance layer was necessary for heating, and the heating efficiency was correlated with the position of the evanescent region and the magnitude of the conversion efficiency [5] . A heating efficiency of 60 percent could be obtained under optimum conditions.
For second harmonic heating, the energy change in the plasma could not be measured directly but could be inferred from the change in the plasma current.
Based on this, the heating efficiency was estimated to be 5-10 percent; the low value was attributed to larger attenuation in the evanescent region and lower conversion efficiency.
Alikaev [6] used -40 kW of microwave power at -30 GHz for 500 Ms in the TM-3 tokamak. In a cold plasma, he found no heating at the second harmonic, but found heating both with and without a fundamental cyclotron resonance. This was attributed to the UH resonance and collisional heating. In hot plasmas (Te > 200 eV), absorption at the second harmonic was observed. The efficiency of heating at the fundamental was given as 20-30 percent.
In 1972 [7] , Alikaev et aL reported further measurements with a 30-GHz microwave source on TM-3. An increase of the energy containment time TE with Te was observed, as were damping of oscillations during the microwave pulse, a decrease in the high-energy (>10-keV) X-ray intensity, a shift of the plasma column outward, and a decrease in the loop voltage. Some of these effects could be attributed to bulk heating.
In 1973, Golant et al. [8] reported experiments in the FT-1 tokamak (Fig. 3) . Sources supplying 50 kW at 30 GHz and 12 kW at 22 GHz were used, both with pulse times of 200,s. Fundamental cyclotron heating was observed at 22 GHz with an absorption efficiency of 30 percent. Because of the low temperature, some absorption could be attributed to collisions but most absorption was attributed to the upper hybrid resonance.
The efficiency of absorption could be qualitatively related to the thickness of the evanescent regions and the location of the UH surface. Effects of second harmonic absorption at 30 GHz could be observed over a very narrow region (-4 cm thick), and the efficiency of the absorption was not high [9] .
The absorption process at 22 GHz was attributed to linear wave transformation of the microwave energy at the UH surface. The plasma waves arising from this transformation were believed to be absorbed between the UH and cyclotron resonance surfaces.
In 1974 Alikaev et al. [10] reported further measurements on TM-3 using 30 GHz with up to 70 kW of power and a pulselength of 1 ms. Runaway electrons were observed by the bremsstrahlung radiation and by millimeter microwave radia- tion when the axial magnetic field was higher than the resonant magnetic field by 30 percent; that is, when the resonance zone was displaced to the outside. The X-ray measurements suggested that electrons with a longitudinal energy of -20 keV did not acquire more than 10 percent of the plasma energy gain measured diamagnetically. The number of runaway electrons could be minimized by operating at high density. Also, applying the microwave power early did not increase the runaway population.
With the magnetic field adjusted for electron cyclotron resonance on axis, the number of runaways was decreased. In operations with the resonance on axis, the measurements suggested that only 25 percent of the bulk of the electrons was heated. In any case, no ion temperature increase was observed. (Fig. 4) . Measurements made with the resonance field on axis showed bulk heating of the plasma at both the fundamental and the second harmonic, but experiments at the second harmonic caused some runaway production. Also, heating at the second harmonic resulted in an increase in poloidal beta,Bp to 2.2. The lifetime of the runaways was estimated at 2 ms for 10-keV electrons and 9 ms for 60-keV electrons. The energy containment time 7E was found to be proportional to the electron temperature Te (Fig. 5 ) and the thermal conductivity Ke was inversely proportional to Te. These results for rE may have been fortuitous, as later experiments on T-10 (described below) do not support this conclusion. A later analysis of the TM-3 experiments by Pozynak [13] concluded that the resistive losses in the chamber walls were very important in a small device such as TM-3. The absorp- tion characteristics for the first and second harmonics were comparable. The absorption of the second harmonic was limited to 40-60 percent of the input power by the wall absorption; actually, plasma absorption did not exceed 10-20 percent for linear processes. For the fundamental heating, the absorption was linear with power within 20 percent up to power levels of 100 kW. The absorption of the fundamental and second harmonic was shifted toward the periphery of the plasma at high density, but actual absorption near the surface was weak. There appeared to be little absorption at the UTH resonance. It also appeared that the main characteristics of the absorption could be explained without recourse to absorption by runaways, but this possibility could not be entirely ruled out.
All of the experiments in the USSR up to this time were made with the microwave feed on the outside (low-field side) of the torus. Hence, there is the possibility that the evanescent region on the low-field side interfered with the extraordinary wave propagation. Since in many of the experiments the guide was circular, the actual wave launched could be a combination of ordinary and extraordinary polarized radiation. In the last experiment on TM-3, a horn was used, primarily to launch the ordinary wave. In later experiments, gyrotrons were used to supply the microwave power. There is no evidence in the published literature that any kind of a matching device other than a horn was used. It should be noted also that in almost all cases, overmoded circular guides were used.
To summarize this section briefly, these early experiments showed that ECH was a good technique for bulk plasma heating and provided an impetus to extrapolate the technology to higher power and higher frequency as well as to explore highfield launching. These experiments also gave support to the theory.
FIRST EXPERIMENTS OUTSIDE THE USSR
The first experiment in the United States by Gilgenbach et al. [ 14] on the Impurity Study Experiment (ISX-B), showed strong heating. It utilized a 35-GHz gyrotron built at the Naval Research Laboratory (NRL) with a pulselength of up to 16 ms and a power of 80 kW delivered to the tokamak. A high-field side (inside) antenna was used, but the radiation was unpolarized. As in the USSR experiments, an overmoded circular guide was used. The window was located so that the cyclotron resonance was in the pressurized guide (Fig. 6) . A central temperature rise of -400 eV was observed but with a line-averaged density drop of about 15 percent (see Fig. 7 ). The heating was found to be linear with power with 5.5 eV/kW measured; the average density was 1.0 X 1013 cm-3. About 60-percent efficiency was reported, which was comparable to theoretical calculations (<75 percent). The measured temperature rise was in good agreement with a transport code that used an empirical heat conduction coefficient independent of Te. The transport code parameters were adjusted to agree with the initial ne and Te profiles. No ion heating was observed and none was expected due to the low density. Later experiments by the same group [15] showed the advantages of preionization by ECH. A reduction in the initial loop voltage of 40 percent was achieved, flux (volt-second) savings in the transformer were observed, and a more rapid current rise was achieved. There was evidence that the power was deposited first in the cyclotron resonance layer and later in the UH layer. High electron temperatures (-50 eV) were observed there.
On TOSCA in the United Kingdom [161- [18] , heating at the second harmonic was successfully achieved with a 28-GHz gyrotron. A power level of up to 150 kW and pulselengths of up to 3 ms were used. The unpolarized radiation was injected from the outside. The loop voltage dropped by as much as 50 percent, and the plasma energy (measured diamagnetically) increased. Heating was observed at densities above the X-mode cutoff. Poloidal beta values of -4 (approximately equal to the aspect ratio) were achieved, and a nonlinear dependence of the stored energy on the ECH power was observed. Soft X-ray emission indicated the presence of strong local heating near the cyclotron resonance. A sustained temperature maximum observed on one side of the magnetic axis maximum (see Fig. 8 ) could be accounted for by reducing the parallel heat conduction coefficient by a factor of 100 or by invoking trapped electrons. There was some evidence of current drive, but the effect was not large. Radiation was di- Another 28-GHz gyrotron was taken to Japan for an experiment on JFT-2. Both outside [20] and inside [21] launches were used with pulselengths of up to 16 ms. For the outside launch (see Fig. 9 ) 0-mode, an electron temperature rise of more than 500 eV was observed with 114 kW of power for a 14-ms pulse. There were loop voltage reductions of 30 percent and a density decrease of up to 15 percent. Central heating was observed with densities up to 1.0 n,. Heating off axis was observed for central toroidal fields above and below that needed for central heating. The launching system used eight small horns launching power slightly (-10°) off normal to the field.
The inside launch experiments used a phased antenna array that could be externally directed over a range from 420 to 60°from the normal (i.e., the parallel index of refraction was 0.66 < nil < 0.86) (see Fig. 10 ). An LATER EXPERIMENTS IN THE USSR Experiments on the large tokamak T-10 commenced in 1979 with two 200-kW gyrotrons at -85 GHz (-3.6-mm wavelength) [26] . By 1980 [271, four gyrotrons were in place, each with a power output of 200-kW and a maximum pulse length of 150 ms. The gyrotron complex has been further described by Flyagin [28] . For these experiments, the magnetic field was reduced so that only second harmonic heating could be attempted. (This was due to a problem with the toroidal field power supply and was not related to the ECH experiment.) The power was fed to the plasma from the outside through four overmoded waveguides (each 8 cm in diameter) aimed at the center of the plasma, as shown in Fig. 13 , to minimize refractive effects. About 70 percent of the output power was in the 0-mode. Whereas only 30 percent of the ordinary 0-mode was expected to be absorbed, measurements showed that 90 percent was absorbed due to multiple passes through the plasma. The extraordinary wave was completely absorbed within the accuracy of the measurement. The energy containment time was found to be unaffected by the heating. There was some increase in impurity imput during ECH, but the radiation losses increased less than 10 percent. There was a density decrease during ECH and also a small ion temperature rise.
Further experiments were reported in 1982 by Alikaev et al. [29] in which up to 500 kW of power from this gyrotron complex was produced for pulselengths of up to 60 ms. Fundamental ECH was employed with the full toroidal field of 30 kG. There were two types of discharges and two regimes of operation. 1) At a density of 2. (2) at the end of the heating pulse in T-10 for case 1 (from Alikaevetal. [29] ).
Te(O) of 1.5 keV, a temperature rise of 0.9 to 1.0 keV was observed. The heating efficiency was found to be 64 percent in this case. Again, the density decreased and there was no ion temperature increase (see Fig. 14) . 2) In the other regime, with an initial density of 3.8 X 1013 cm-3 and Te(O) of 1.2 keV, a temperature rise of 0.5 to 0.6 keV was observed. In this case the efficiency was measured at 90 percent with the ordinary wave being completely absorbed by the plasma. There was ion heating, with a temperature rise of about 100 eV, but no decrease in density. In both cases, there was an observable decrease in the energy containment time TE. These two regimes were characterized not only by the different densities but also by the wall conditioning. Note that the energy containment time scaling [31]).
found that it increased. This increase in Ke was associated with an increase in TE and a decrease in TE. The experimental value of Ke rose as much as a factor of 3 with a rise in Te from 1.5 to 2.5 keV, but nevertheless remained below the value predicted by scaling laws.
Meanwhile, other experiments were providing new insights. 15 ). With a 2-ms pulse of 60-80 kW, clear bulk heating was observed. The inside antenna was found to be about three times more effective than an outside antenna. The absorption efficiency was about 60 percent. Further studies in FT-1 by Bulyginsky [32] observed heating above the critical density n,. Densities up to 2.4n, were employed with the heating efficiency remaining unchanged. However, the zone of temperature rise moved outward to the plasma periphery as the density increased.
In a later analysis of these experiments [331, it was shown that ECH caused a decrease in TE. The explanation given was that the heating zone was displaced outward toward the plasma periphery as compared to ohmic heating. There may also have been some increase in Ke. This analysis involved ray tracing and energy deposition calculations that indicated reductions in TE for all cases studied but particularly large reductions for high density. The problem was ascribed to the particular antenna pattern used, which allowed much of the radiation to reach the cyclotron resonance near the periphery without transiting the plasma center. It was speculated that a more directed antenna pattern might have allowed TE to increase. On TM-4 [34] , a new gyrotron was used to produce 150 kW for 6 ms at a wavelength of 3.6 mm (-85 GHz). Only second harmonic ECH was employed, with a toroidal magnetic field of -14 kG. Again, a large electron temperature rise was observed, with TJ(O) increasing from -700 to '1800 eV but with a density decrease of 25-30 percent. The new feature of this experiment was the presence of a Cs' beam for plasma potential measurements. No observable potential change in the plasma core was detected due to ECH but a slight increase in potential in the periphery was observed. It was thought that the peripheral plasma potential change might be responsible for the change in the global particle balance and hence the density drop.
CONTEMPORARY EXPERIMENTS
Preliminary results from Doublet III (DIII) [35] [36] (see Fig. 16 ).
In the Poloidal Divertor Experiment (PDX) [37] , a similar system has been prepared. Power from two 60-GHz gyrotrons is supplied to the plasma. A novel system of waveguides using the hybrid waveguide mode HE1, is used to control the polarization. The HE,1 mode provides very uniform polarization and no cross polarization. The system has been described in detail by Doane [38] (see Figs. 17 and 18 ). The first phase of this experiment has been completed and the PDX device has been shut down. Heating has been observed, and the results have been published [53] . On WT-II [39] , a 35.5-GHz gyrotron supplying up to 30 kW for 10 ms has supplied power for preionization. The preioniza- 
STELLARATOR EXPERIMENTS
The magnetic configuration of a stellarator or torsatron is quite different from that of a tokamak. Fig. 19 shows a possible configuration (in this case Heliotron-E) with the electron cyclotron resonance, UH resonance, and cutoff zones noted. For this particular case, the waveguide launches the microwave power from the low-field side so that only the ordinary mode can propagate directly to the resonance. However, the extraordinary mode is refracted by the plasma, and reflected from the walls, and it can reach the resonances through multiple scattering around the edge of the plasma.
An early experiment on the Wendelstein Ilb stellarator [41] used ECH to produce very weakly ionized plasmas. A density of -1 X 1012 cm-3 was produced with -1 W of RF heating at a frequency of 9.2 GHz. The temperature was about 10 eV.
In the Saturn stellarator [42] , experiments using 10-GHz power produced plasmas with low electron temperatures. With .15 W of power, a temperature of 8-10 eV was achieved with a plasma density of 1-2 X 1011 cm-3; with !600 W of power, a temperature of 20 eV and a density of 2 X 1012 cm-3 were reached.
In the CLEO stellarator [43] , 12 kW of power at 17.5 GHz [45] ).
created a plasma density of 1.5-2.5 X 1012 cm-3 with Te 50-100 eV for 50-100-ms pulses. In this case the critical density was 4 X 1012 cm3, so a plasma of about half the critical density was created. In the JIPPT-2 stellarator [44] , a plasma was created with 13 kW of 35.5-GHz power. A density of 2 X 1012 cm-3 was achieved, about 20 percent of the cutoff density. This plasma was used for effective preionization in ohmic discharges. Power levels up to 40 kW were also used to heat the ohmic plasma in this stellarator. A heating efficiency independent of the mode (0-or X-mode) was found, and this was interpreted to mean that the X-mode power (which should have been cut off by the launching technique) scattered around the plasma periphery to reach the resonance zones. The absorption effi1ciency was about 0.5 at a plasma density of 6 X 1012 cm-3.
A 28-GHz gyrotron was used on the Heliotron-E experiment [45] to produce a plasma with a density of 5 X 1012 cm-3 and Te -1100 eV (see Fig. 20 ). About 90 kW of power was injected from the low-field side. Ion heating was also observed, with ion temperature Ti reaching 120 eV. An electron heating efficiency of 10 eV/kW was found, which is about twice that observed for tokamaks [ 17] . In both the CLEO and Heliotron-E experiments the containment time for the ECH-created plasmas was better than for ohmic plasmas (Fig. 21) . The interpretation is that in both cases the drift parameter t (Q= VdlVth, where Vd is the electron drift velocity and vth, is the electron Fig. 22 . Quasi-optical ECH launching system at 60 GHz for Wendelstein VII-AS (from Erckmann et al. [47] ).
thermal velocity) is much smaller for this kind of plasma since no toroidal electric field is needed.
FUTURE EXPERIMENTS Plans include the possibility of large amounts of power for the T-15 tokamak at the Kurchatov Institute. Several megawatts of 100-GHz power are planned for this experiment [46] . For the Wendelstein VIJa experiment in Garching, both 28-and 60-GHz power will be used [47] . Only one 28-GHz gyrotron will be used but up to four 60-GHz gyrotrons are envisaged. Careful mode control and launching angle and polarization are planned (see Fig. 22 ). On the Advanced Toroidal Facility (ATF-1), preionization and target plasma production with 35-and 53-GHz gyrotrons are planned. On Heliotron-E 53.2-GHz gyrotrons will be used to increase the plasma density [48] . At Culham, additional power at 28 and 60 GHz is planned for CLEO, DITE, and COMPASS [49] .
For the International Tokamak Reactor (INTOR) experiment, Alikaev [50] 
